Abstract During the 2013 Arctic campaign, direct measurements and size-segregated samplings of atmospheric aerosol were carried out from March to September at the Gruvebadet observatory in Ny-Å lesund (78°56 0 N, 11°56 0 E; Svalbard Islands). Continuous size distribution measurements (104 size classes) were performed both in the nano-(TSI-SMPS system) and micro-metric (TSI-APS device) range with a resolution of 10 min. Aerosol sampling was carried out on daily basis (PM 10 fraction, 00:01-23:59 UTC) and with a 4-day resolution (four-stage cascade impactor). A back-trajectory analysis was performed for specific events to understand transport processes and possible source areas of aerosol reaching Ny-Å lesund. Aerosol samples were analyzed for ion composition (inorganic cations and anions, selected organic anions) by a threechromatograph system after extraction in ultra-sonic bath. Special attention was spent in identifying and interpreting the seasonal pattern of natural and anthropic chemical markers. Sea spray aerosol was evenly distributed along all the sampling period with maxima related to wind speed. Its size distribution peaks in 1.0-2.5 or 2.5-10 lm, depending on the transport conditions and distance from source areas. Anthropic sulfate dominates the spring aerosol load (Arctic Haze), both in acidic form (H 2 SO 4 ) and in partially or totally neutralized ammonium salts. Biogenic contributions, marked by methanesulfonic acid, are relatively relevant in late spring-early summer and are distributed in the finest aerosol fraction (\1.0 lm).
Introduction
The Arctic is one of the most sensitive environments to climate perturbations. The arctic mean surface temperature in the last decades has been observed to increase faster than the mean global average (IPCC 2013) . This phenomenon, known as Arctic Amplification, is the result of complex feedback mechanisms, such as the decrease of sea ice extent which influences the global radiative balance by reducing the surface albedo. The consequent positive feedback leads to a more rapid sea ice loss (Robock 1983; Screen and Simmonds 2010) .
Particulate matter plays an important role within the global climate system and then again in the Arctic. Suspended particles can perturb the radiative balance both through their direct effects of scattering and absorption mechanisms of the solar radiation (IPCC 2013) , which are the functions of aerosol's size distribution, concentration, and chemical composition. These characteristics have a large variability along the year and depend on aerosol sources and transport processes. Aerosol also has an indirect effect in the interaction with solar radiation, it concerns the modification of cloud microphysics affecting cloud albedo and lifetime (Albrecht 1989; Pincus and Baker 1994) . Aerosol particles can act as Cloud Condensation Nuclei (CCN), leading to the formation of a larger number of water droplets that increase the reflectivity of clouds. The ultimate magnitude of the aerosol relative forcing depends on the weight of direct and indirect effects. Thus, to reduce the uncertainty about this climate-forcing factor and to better understand the influence of human contribution, it is particularly relevant to study the current aerosol features in the Arctic in terms of atmospheric load and chemical composition in the different size classes.
The impact of aerosol in the Arctic has proved to be highly variable during the year. The most important contribution to the Arctic particulate matter occurs in the winter-spring period because of a phenomenon known as Arctic Haze (Quinn et al. 2007 ). This tropospheric brown haze mainly consists of high concentrations of sulfates, organic compounds, and other trace elements (Heintzenberg et al. 1981) , which principally spread in the accumulation mode (Shaw 1984) , as expected for the secondary aerosol especially related to anthropic sources . These particles, once transported northward from mid-latitude industrialized areas, end up in the cold and stable atmosphere, which inhibits turbulent transfers between different layers as well as the formation of clouds and precipitations, which are the major particulate matter removal ways (Iversen and Jorenger 1985) . The combination of these factors results in the transport of aerosol particles to the Arctic and the trapping of the pollutants in a phenomenon that usually lasts until the end of April. Other aerosol sources, such as biogenic emission and on-site particle formation, dominate summer aerosol (Leck and Persson 1996) .
As a consequence of this source shift, Arctic aerosol showed pronounced seasonal variations in the size distribution, with sudden changes in the chemical and physical properties between late winter-spring and summer periods above the planetary boundary layer (Ström et al. 2003; Engvall et al. 2007; Tunved et al. 2013) . In this work, some relevant results of a spring-summer campaign of ground-based aerosol sampling are discussed to identify the different sources of the arctic aerosol from chemical composition and size distribution measurements.
Methods

Sampling
The Arctic aerosol samples were collected at Gruvebadet, the Italian observatory in Ny-Å lesund (78°56 0 N, 11°56 0 E, Svalbard Islands, Norway) in 2013, during the spring and summer seasons. The observatory is located about 1 km south-east of the village in a clean area, where every motorized activity was forbidden. Pumps were installed inside an insulated room, and the sampling heads were placed on the roof of the building. External temperature probes allow to maintain the air flow stable at actual conditions, namely, the temperature and pressure conditions recorded outside; this is basic to not compromise the wanted cut-off value, which would change in the case of room temperature normalized volumes.
The aerosol analyzed in this work was collected by two devices. The first was a Tecora Skypost PM, a low-volume sampler (38.33 L min -1 ) which allowed to automatically collect the daily samples of particulate matter (00:01-23:59 UTC) with aerodynamic equivalent diameter (AED) smaller than 10 lm. Aerosol particles were collected on Teflon filters (47 mm diameter, 2 lm nominal porosity, and capture efficiency of 99.6 % for 0.3 lm particles). The second data set was obtained by a four-stage Dekati PM 10 multi-stage impactor (29.00 L min -1 , 4-day resolution, and cascade impactor). Polycarbonate filters (25 mm diameter and 0.1 lm nominal porosity) were used as substrate for the first three stages (AED [10 lm, 10-2.5 lm, and 2.5-1.0 lm), while a Teflon filter collected the sub-micrometric particles (AED \1.0 lm) in the last stage. The total number of samplings collected during the campaign was 165 for PM 10 and 41 for the four stages. The sampling period and the number of samples for each year are reported in Table 1 . Exposed filters were stored at -20°C in sealed plastic bags, until analysis.
Size distribution data were evaluated by two particle counters: TSI SMPS, 54 channels (32 ch./decade), to detect nanometric particles with electrical mobility diameter between 10 and 487 nm and TSI APS, 52 channels (32 ch./ decade), for the micrometric particles, in the aerodynamic equivalent diameter range 0.523-20.536 lm. Size distribution measurements were continuously carried out at a 10-min resolution in the period between April 6th and September 15th (99.8 % time coverage).
Chemical analysis
Before and after exposure, each PM 10 Teflon filter was weighed; and, using the actual sampled volumes, the atmospheric concentration of particulate matter was calculated. At the time of analysis, to avoid contamination, samples were handled inside a clean room (class 10,000), under a laminar flow hood (class 100), using powder-free gloves. The soluble components present in each sample were extracted from half-filter in about 12 ml of ultrapure water (MilliQ, 18 MX cm, exactly determined by weighing) in ultrasonic bath for 15 min. Analysis was performed using a three IC-system (Dionex), respectively, setup for the determination of cations (Na Table 2 , while detection limits and blank values of the main ion species are reported in Table 3 .
Trajectories calculation
Backward trajectories at 500 m a.s.l. were generated using the vertical velocity option of the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al. 2015) .
Results and discussion
High temporal resolution for the total PM 10 and four-stage impactor data was tested for internal consistency. For each component, the comparison was made between the concentration of PM 10 samples (averaged over 4 days) and the sum of the concentration measured in the 10-2.5 lm, 2.5-1.0 lm, and \1.0 lm stages. Despite the difference between the two sampling devices (efficiency and size separation system), a close similarity in concentration levels was observed along the whole time period for almost all the species, with a discrepancy lower than 16 % for the main species (Table 4) , that is justified by the uncertainty of the slope and the analytical method. Larger differences were found for species present in the samples at very low concentrations, likely because of larger uncertainties in evaluating blank values in the four-stage samples.
The atmospheric concentration of daily PM 10 showed that most of the particulate matter ionic composition (over 95 %) was represented by Cl -(30.5 %), SO 4 2-(26.5 %), Na
-(2.7 %), MSA (2.4 %), and Ca 2? (1.9 %), whereas the others (each one accounting for much less than 2 % of the total PM 10 budget) composed the remaining 4.3 %.
Size distribution
The availability of a large number of channels (104), joined with the high temporal resolution (10 min), allowed appreciating fast changes in atmospheric particle population. In the two 2D color plots reported in Fig. 1 , the particle counts for each instrument in April 6-15 September, 2014 period are shown. The APS plot (Fig. 1a) shows the highest particle concentration in the 0.5-1.0 lm range in spring.
Starting from the end of April, the submicrometric and micrometric particles decrease down to very low summer values. By taking April 28th as border line, before and after this date, the distribution peaked at 723 nm (diameter midpoint of the size class), but the average concentration of the period after April 28th is 20 times lower (Fig. 2 ). In the same period, SMPS plot (Fig. 1b) showed an abrupt change in the size distribution. In the first period, particles peaked at 184 nm and their atmospheric concentration was relatively constant (dN/dlogD p around 10 3 ). Since late April, the new particle formation (NPF) appears to be the dominant mode of the atmospheric aerosol, with short and well-characterized (banana shaped) NPF events. The previous study carried out at Zeppelin (Ny-Å lesund) showed that new particle formation events seem to be a rather common phenomenon during the Arctic summer, and this is the result of both the photochemical production of nucleating/condensing species and low condensation sink (Tunved et al. 2013) . Based on the visual analysis described by Dal Maso et al. (2005), during the sampling period (163 days), 50 clear NPF events were identified starting from the end of April. Besides, in many cases, the nucleation started under the lower size class of the instrument (10 nm); on average, the particles grew up to 20-40 nm. Since in springtime and summertime, the sun is always present; during the day, the particle formations did not have a preferential time of the day to begin, whereas the events have lasted for 2-24 h. This seasonal pattern of NPF events can be interpreted as follows: during March-April, there is sunlight but also a large preexisting surface due to the presence of long-range transported aerosol (mainly sulfate, see Sect. 3.3). The waters are mainly covered by sea ice which means poor conditions for new particle formation as newly formed particles are scavenged quickly, as are any potential nucleating gases (which in any cases likely are produced at a slow speed due to the lack of significant insolation). If the source of the precursor gases is the ocean itself, any emission of such is likely hindered by the ice cover. During May-June, conditions are quite different, and there is more sunlight and less abundant preexisting accumulation mode particles. This allows the newly formed particles to grow into a large enough size that the particle lasts into the following day. These processes happen until August. The summer months are all characterized by high insolation, low aerosol surface (and mass), and a much higher fraction of open ocean. In September, as days become shorter and solar radiation decreases, the particle production ceases and the period of dominating accumulation mode is going to be re-established. This again indicates the importance of photochemical production as the main driver for new particle formation in the Arctic environment rather than sea salt aerosol. Indeed, a comparison among sea salt aerosol content with new particle formation events showed no correlation between nucleation and daily marine primary emission.
Sea salt
Sodium, chloride, and magnesium are the main components of the sea spray source, whereas minor contributions are represented by potassium, calcium, and sulfate. Since all these components have other sources than seawater, their sea-spray (ss-) fractions were calculated using ssNa ? as specific marker and knowing the X/ssNa ? weight/weight (w/w) ratios in seawater of each X component (Kulshrestha et al. 1996; Das et al. 2005 ) by long-range transport from continental regions (Fisher et al. 2011 ). Sea salt aerosol was calculated by the sum of the sea salt fraction of Na ? , Mg 2? , Ca 2? , K ? , SO 4 2-, and Cl -. On average, the sea salt fraction of the water soluble part of PM 10 accounts for 63.5 and 26.8 % of the total PM 10 mass.
The multi-stage impactor data showed that the sea spray content, marked by ssNa ? , is mainly distributed in the 1.0-2.5 lm fraction (44.2 %), whereas its fractions in the 2.5-10 lm range and in the submicrometric particles were, respectively, 28.3 and 24.3 %; only 3.2 % of ssNa ? was present in the coarse particles (above 10 lm).
The temporal trend of ssNa ? does not show any clear seasonality both in PM 10 and in the micrometric sizeclasses by multi-stage impactor (Fig. 3) . On the contrary, the temporal profile of the sub-micrometric fraction clearly shows significantly higher concentrations in spring, with respect to relatively low summer values.
The dominance of the submicrometric mode even in the sea-salt particles in spring is consistent with the APS spectra in this season (Fig. 1) . Such a pattern could be justified by sea-spray particle settling processes during the atmospheric transport. For the same period, we observed large concentrations of nss-sulfate (see later), coming from continental areas as component of Arctic Haze. It is likely that, during the transport of such air masses, they can be enriched in sea spray along the route over marine sectors.
Differences in sea-spray size distribution along the sampling period (Fig. 3) can be attributed to differences in atmospheric pathways supplying sea salt to Ny-Å lesund. To enlighten specific transport processes, a 72-h back-trajectory analysis was carried out on selected time periods (Fig. 4a-d) . For each sample, covering a 4-day sampling period, four 500-m back-trajectory was drawn with arrival at Ny-Å lesund day by day. On April 10, the chemical analysis showed low values of sea salt and a relative large concentration of ssNa ? in the submicrometric range. Three out of four backtrajectories (Fig. 4a) traveled over sea-ice areas and, presumably were not supplied by sea-salt, even if their pathways were at low altitude. In contrast, the air masses arriving to Ny-Å lesund on April 9 (blue line) traveled over open sea areas; in particular, air masses were at sea level for the first day and then at about 1000 m in the following 3 days. In this way, the low concentration of sea spray and the shift of the particle size toward the submicrometric mode (by settling in abrupt altitude change and along the transport) could be explained. On the other hand, the three major sea-spray events, occurred on April 26, June 9, and September 9 (Fig. 3) , show that ssNa ? is mainly distributed in the super-micrometric stages (especially in the 1.0-2.5 lm range). The corresponding back trajectories (Fig. 4b-d) revealed that air masses traveled over open-sea areas and at very low altitude at least 2 days before reaching Ny-Å lesund. In this way, air masses were enriched in coarse sea spray particles.
Sulfuric contribution and influence
The second most important contribution to PM 10 was represented by sulfate (26.5 %). The ss-sulfate was a minor contribution to sulfate budget. The dominant nss-sulfate fraction can be mainly ascribed to anthropogenic sources (see Udisti et al. 2016) , via the atmospheric oxidation of SO 2 . Indeed, the temporal profile of nssSO 4 2-shows a clear seasonal trend, with maximum values in spring, when Arctic Haze events are more frequent and intense, both in the PM 10 bulk samples and, especially, in the sub-micrometric fraction (Fig. 5a ). In this fraction, sulfate is the most abundant ionic species (65.3 %), followed by ammonium (10.5 %). Indeed, ammonium and oxalate show the same temporal profile of nss-sulfate, with high values in spring and very low summer concentrations. The very similar temporal pattern of ammonium and nss-sulfate highlights the neutralization processes between sulfuric acid and ammonia in the atmosphere. This topic will be discussed in Sect. 3.5.
Chloride depletion
In the sub-micrometric fraction, the Cl -/ssNa ? ratio was always lower than the value (1.81 w/w) measured in the seawater (Fig. 5e ). This chloride depletion can be attributed to acid-base exchanges between NaCl and acidic species, such as nitric and sulfuric acids, to give sulfate and nitrate salts and gaseous HCl. This reaction, occurring on the sea salt particle surface, is more effective for small particles, with a large surface/volume ratio. Indeed, the mean Cl -/ssNa ? ratio in the sub-micrometric fraction was 1.07, values significantly lower than those measured in the three super-micrometric stages (from 1.39 to 1.50). Besides, the chloride depletion is expected to be larger in spring, when the atmospheric concentrations of H 2 SO 4 in the Arctic haze are higher. Figure 5e shows that the Cl -/ ssNa ? ratio was lower when nssSO 4 2-was higher (spring). In late spring-summer period, Cl -/ssNa ? increases, because the sulfate concentrations are lower and, especially, the dominant sulfate species is (NH 4 ) 2 SO 4 and not H 2 SO 4 (see Sect. 3.5), so enlightening a lack of free acidity. The exchange reaction between NaCl and acidic species occurs in the atmosphere during the aerosol transport from the ocean to the sampling site, and its effect increases with the residence time of sea spray. In this way, the extent of the chloride depletion is an indicator of the presence of acidic species in the atmosphere, as well as the presence of ''aged aerosol'', i.e., aerosol formed in regions far from the sampling site and subject to long-range transport processes. To highlight the relevance of the free acidity, 2 days were selected as examples of low and high chloride depletion. Figure 6a shows the 72-h back-trajectory plot for the August 12th PM 10 sample, where the chloride depletion was little (Cl -/ssNa ? = 1.65). Backtrajectories at three altitudes show that air masses reaching Ny-Å lesund were coming from North Pole areas, very likely free from anthropogenic contaminants in summer. Indeed, the sub-micrometric record of nssSO 4 2-shows very low concentrations in this period (Fig. 5a) . Besides, nssSO 4 2-is mainly present in neutralized ammonium salts (Fig. 5e) . On the contrary, on April 1st, during the spring depletion event, backtrajectories show northward winds delivering air masses from northern Russia (Fig. 6b) , likely to deliver sulfate and other acidic species able to cause depletion processes. On this day, the sulfate concentration was quite large (2420 ng/m 3 ).
Aerosol acidity
To assess the acidic or alkaline character of the aerosol, ion balances (in nEq/m 3 ) were evaluated. Since H ? and HCO 3 2-were not directly measured, an excess of anions was counter-balanced by H
? and an excess of cations by HCO 3 -, as usually accomplished for aerosol and snow from polar areas. Ion balances calculated on the all-period mean values revealed that the super-micrometric fraction was weakly alkaline or neutralized. On the contrary, the sub-micrometric fraction was acidic, probably because of sulfuric acid. Indeed, the temporal profiles of nssSO 4 2-and H ? in the sub-micrometric stage (Fig. 5a, d ) are very similar, with the largest free acidity in spring, when the (Fig. 5b) , but its atmospheric concentrations are not sufficient to neutralize the H 2 SO 4 content. Figure 5c shows the temporal profile of the nssSO 4 2-/NH 4 ? w/w ratio. The values of 2.66 and 5.33 indicate the w/w ratio between the two ions, respectively, in (NH 4 ) 2 SO 4 and NH 4 HSO 4 . In early spring, the SO 4 2-/NH 4 ? ratio is higher than 5.33, enlightening the presence of H 2 SO 4 , i.e., free acidity. From late April to mid-May, the ratio quickly decreases to values around 2.66, showing a progressive neutralization of H 2 SO 4 with ammonia to first give NH 4 HSO 4 (partial neutralization) and then (NH 4 ) 2 SO 4 (complete neutralization). In the late spring-summer period, the sulfate stays completely neutralized (the SO 4 2-/NH 4 ? ratio is permanently around the 2.66 value).
Biogenic emission
Methanesulfonic acid (MSA) is considered as a univocal tracer of marine biogenic activity, because it exclusively results from the atmospheric photo-oxidation (both in homogeneous and heterogeneous phase) of dimethylsulfide (DMS), in turn emitted by phytoplanktonic metabolic processes (e.g., Saltzmann 1995). The other component arising from dimethylsulfide oxidation is sulfate, which has other sources beside the biogenic emissions (see Udisti et al. 2016) . The quantification of biogenic sulfate is difficult, because its ratio with MSA is not constant, but depends on latitude, temperature, irradiation intensity, and oxidant concentrations, which promotes the formation of SO 4 2-instead of MSA (Bates et al. 1992; Lundén et al. 2007; Gondwe et al. 2003 Gondwe et al. , 2004 .
The seasonal pattern of MSA in the PM 10 at Gruvebadet and Zeppelin Station located few hundred meters away at 470 m a.s.l. (Sharma et al. 2012) , present a similar trend with maximum values in May-June, but the concentration levels in the two sites are quite different with concentration at Zeppelin higher than Gruvebadet. These differences can be due to the different time period considered: 1998-2010 for Zeppelin (Sharma et al. 2012 ) and 2013 in this work, but more likely to the boundary layer dynamic. The strong vertical stratification can restrict the transport of particulate MSA from the free troposphere, where it is formed by the oxidation of gaseous DMS, to the Arctic boundary layer (ABL). Since the Zeppelin site is located over the ABL, it is more affected than Gruvebadet by the transport from the marine source areas to Ny-Å lesund of aerosol containing MSA.
Regarding the size distribution, as observed for nssSO 4 2-, MSA was mainly distributed in the sub-micrometric fraction (Table 4 ; Fig. 7) , suggesting that the preferred oxidation path is the photo-chemical oxidation occurring in gas phase, followed by gas to particle conversion. An oxidation in heterogeneous phase on sea salt particles would have led to higher concentrations in the super-micrometric stages, where the sea spray particle is mainly present, as observed in early summer in Antarctica .
The temporal trend of MSA in the sub-micrometric stage (Fig. 7) shows the highest concentrations from the end of April to early June, with maxima in mid-May, when values as high as 80 ng/m 3 were occasionally measured. Such summer maximum contemporaneously occurs with the peak of sea ice melting and can be related to the biogenic productivity at the marginal ice zone in the surrounding oceanic areas .
Conclusions
During the spring-summer 2013 Italian Arctic campaign, particle size-distribution measurements and aerosol sampling for chemical analysis were carried out.
Particle counts in the range 0.01-20 lm showed a different pattern in early spring, with respect to the rest of the campaign. The first step was characterized by the dominance of particles in the accumulation mode (0.2-0.8 lm), probably due to anthropic nssSO 4 2-in the Arctic Haze. Successively, particle population shifted toward lower size ranges. In late spring-summer period, the main size mode was around 35 nm, and 50 events of NPF are evident in the period late April-August. The high occurrence of NPF events can be considered the result of both photochemical production of nucleating/condensing species and low condensation sink.
PM 10 was collected at daily resolution, while a multistage impactor with 4-day resolution was used to obtain the aerosol size distribution in the ranges: \1.0 lm, 1.0-2.5, 2.5-10 lm, and [10 lm. Samples were analyzed by ion chromatography, and results were discussed to identify and quantify the contribution of the main sources: sea spray, long-range anthropic sulfates, and biogenic emissions. ssNa ? , as univocal marker of sea spray, was used to calculate the sea salt contribution of Cl -, SO 4 2-, Mg 2? , Ca 2? , and K ? . The size distribution of ssNa ? shows that sea spray particles are mostly distributed in the 1.0-10 lm range. Sulfate was the dominant species in the Ny-Å lesund aerosol and was mostly distributed in the sub-micrometric range, confirming that secondary sources (from atmospheric oxidation of SO 2 ) were dominant with respect to primary emissions from sea spray and crustal scraping. Non-sea salt sulfate was considered as a reliable marker of anthropic sources, especially in spring, when the biogenic contribution is low. NssSO 4 2-was long-range transported from lower-latitude industrialized areas, and its acidic form (H 2 SO 4 ) was the most probable agent for chloride removal (as HCl) in aged sea-spray particles. The chloride depletion, with respect to seawater composition, was particularly evident in the sub-micrometric fraction and in spring, when H 2 SO 4 was not completely neutralized by ammonia and free acidity was available. Indeed, the nssSO 4 2-/NH 4 ? w/w ratio shows early-spring values higher than 5.33, corresponding to NH 4 HSO 4 formation. On the other hand, summer values were consistently around 2.66, the ratio value corresponding to the complete neutralization of H 2 SO 4 with ammonia to give (NH 4 ) 2 SO 4 .
MSA, mainly distributed in the sub-micrometric fraction, was used as univocal biogenic marker. Its temporal trend suggested the occurrence of two periods in which the phytoplanktonic activity was intense, with maximum values in late April-July.
